Introduction
Unilateral duplicate origin of the vertebral artery or accessory vertebral artery is considered a rare vascular variant, with a reported incidence between 0.295 and 0.72% ( Figure 1 ) [1] [2] [3] [4] [5] [6] [7] . Considered developmental, this variation shows a dual origin with a variable level of fusion with the vertebral artery (VA) in the neck [1, 3, [8] [9] [10] [11] . Within the literature, we found 57 reported cases involving this vascular variant, with the first reported case in 1844 [3] [4] [5] [6] [8] [9] [10] .
To trace the ALVA and left vertebral artery (LVA) accurately, and identify any variations involving the right VA (RVA), we conducted extensive dissections of the entire cervical vertebral column and cranium. First, we removed the sternocleidomastoid and trapezius muscles, as well as all of the infrahyoid muscles of the neck. We detached the superior and inferior thyroid vessels from their attachments to the thyroid gland. This enabled us to remove the trachea and esophagus from C1 to C6 and the thyroid gland and cartilage without destroying any of the external carotid branches. We removed the calvaria and made a trapezoidalshaped wedge in the occipital bone to just above C1. This enabled us easy access to the base of brain to follow the route of the LVA and RVA as they entered the foramen magnum. Next, we removed all of the deep posterior neck muscles from C1 to C6 to expose the cervical vertebral column. We then performed a laminectomy to reveal the spinal cord from the posterior aspect of C1 to C6. Following the laminectomy, we removed all of the dorsal portions of the transverse processes from C1 to C6 in a piecemeal progression. This exposed the spinal nerves, LVA, RVA, and the ALVA. We then proceeded to remove the spinal nerves to visualize the VAs better (Figures 2a and b ). 
Materials and Methods
Accessory VAs are usually asymptomatic clinically [1, 4, 7, 14, 31, [37] [38] [39] . This origin variation may alter cerebral hemodynamics, however, to cause cerebral dysfunction. Such dysfunction may predispose the individual to certain cerebrovascular pathologies, such as an aneurysm and/or a dissection [4, 10, 13, 22, 26, 27, 38, [40] [41] [42] [43] [44] [45] .
Knowledge of the potential patterns of variant origins for VAs is extremely important when performing both diagnostic and interventional angiography, thoracic surgeries, neurosurgeries, and cardiac catheterization procedures [1, 4, 26, 38, 39, 46] . Such knowledge is even more essential in today's era of carotid and vertebral artery stent placements and new therapeutic options for intracranial interventions [4, 13, 32] . In addition, it is also clinically significant to be aware of VA variations, specifically accessory VAs, since they can be mistaken for a dissection of the VA [3, 10, 13, 22] .
Specimens for cadaveric review were provided by the Maryland State Anatomy Board and private donations to the Anatomy Teaching Lab of the Uniformed Services University of the Health Sciences. Anatomy faculty discovered the first of the five accessory left vertebral artery (ALVA) cases (Case 2) when creating a prosection for students enrolled in the Cardiopulmonary-Renal module of the gross anatomy course for first year medical students. Following that discovery, the faculty notified the students and told them to carefully examine their cadavers for any such variations. When such a variation was discovered, the faculty verified its existence and assisted the students with their dissection of the region. One of the five student cadavers (Case 1) was replaced to allow faculty to perform an in-depth dissection and vasculature analysis of the entire head and neck, similar to the analysis performed in Case 2. The other three cadavers could not be replaced. The brains from Cases 3 and 4 were unavailable for study due to their lack of complete fixation during the embalming process. Case 5 involved careful faculty dissection. Journal of Case Reports and Studies From the anterior aspect of the neck, we removed the ventral portions of the transverse processes of C1 to C6. This revealed the path of the ALVA and LVA after they entered the foramen transversaria at different levels.
For Cases 1, 2, and 5 after completely exposing the ALVA, LVA, and RVA, we removed each cadaver's brain, lifting it up and out posteriorly from the cranial vault. This allowed us to maintain the vascular integrity of its blood supply. We then turned over each brain so we could accurately evaluate the circle of Willis and cerebellar and brainstem vasculature to determine if there were any additional vascular variations (Figure 3a and b) . For Cases 3 and 4, the brain had been removed and disposed of prior to discovery of the ALVA. 
Results
The five cases presented here: a White 65-year-old male with a cause of death (COD) of chronic obstructive pulmonary disease (COPD) (Case 1), a White 89-year-old female with a COD of dementia (Case 2), a White 80-year-old female with a COD of ischemic myopathy and coronary artery disease (CAD) (Case 3), a White 96-year-old female with a COD of dementia (Case 4) , and a White 95-year-old female with a COD of acute kidney failure (Case 5) involved an accessory left VA (ALVA) originating directly from the arch of the aorta, between the left common carotid artery (LCCA) and the left subclavian artery (LSA), in addition to a left vertebral artery (LVA) branching off the LSA. These five instances of an accessory VA detected during our cadaveric review of 64 specimens, demonstrated a prevalence of 7.81%.
In four of the five cases, while performing superior mediastinal cadaveric dissections, we uncovered a fourth branch of the aortic arch (AA). In Case 5, we also uncovered a fifth branch: a retroesophageal right subclavian artery (RSA). Upon further investigation of all five cases, we observed that the fourth branch vascular variation was an ALVA, emerging between the LCCA and LSA. With further dissection cranially along the LSA, we also found a LVA of normal diameter serving as the first branch of the LSA in Cases 1, 3, and 4, and a hypoplastic LVA in Cases 2 and 5. The RVA exhibited no anatomical variations. It branched from the right subclavian artery (RSA), traveling medially and entered the foramen transversarium at the C6 level. On the left side, the ALVA accompanied a normal LVA. The ALVA originated directly from the arch of aorta, between the LCCA and the LSA. The LVA mimicked the RVA, branching from the LSA and travelling medially to enter the C6 foramen transversarium. The ALVA entered the foramen transversarium slightly higher at the C5 level. It traveled vertically, where it united with the LVA to form a single vessel before entering the C4 foramen transversarium. At this junction, the ALVA also had a small radiculomedullary artery (RMA) branch that traveled medially and entered the vertebral body between the C4 and C5 vertebral bodies ( Figure 4 ). As the LVA ascended toward the brain, it exhibited stenosis (hypoplasia) after the origin of the left posterior inferior cerebellar artery (LPICA) branching before its convergence with the RVA to create the basilar artery (Figures 3a and b , Table 1 ). The circle of Willis and cerebellum also demonstrated some vasculature variations (Figures 2a and 2b , Table 1 ). The right posterior inferior cerebellar artery (RPICA) was absent on the circle of Willis. The left anterior inferior cerebellar artery (LAICA) and left posterior communicating artery (LPCA) were both hypoplastic, with an enlarged LPICA ( Figure 2b , Table 1 ).
The dimensions of the ALVA were as follows: diameter 1.25 mm and length 10.7 cm. The LVA had a diameter of 6 mm and the RVA had a diameter of 7 mm. The ALVA demonstrates hypoplasia since its diameter was less than 2.5 mm [39] . The RVA, with a diameter of 5.5 mm, exhibited no anatomical variations. It branched from the RSA, traveling medially and entering the foramen transversarium at the C5 level. On the left side, there was an ALVA and a hypoplastic LVA (diameter 1 mm). The ALVA, which served as the main conduit for blood from the aorta to the brain on the left side, originated directly from the AA, between the LCCA and the LSA. The ALVA diameter was not consistent throughout, ranging from 2.5-3.5 mm and containing areas of narrowing. The arterial branching for LSA was displaced inferiorly, branching earlier on the LSA than is typically observed. For example, the hypoplastic LVA branched off at the T2 level ( Figure 5 , Table 1 ).
The ALVA entered the foramen transversarium at the C3 level; higher than the LVA, which entered at C6. Prior to uniting with the ALVA within the C2 foramen transversarium, the LVA had a small RMA branch that traveled medially, entering either the C3 and/or C4 vertebral bodies ( Figure 6 , Table 1 ). As the ALVA ascended toward the brain, it exhibited areas of stenosis or hypoplasia. These occurred just before joining the RVA to create the basilar artery (1.5 mm diameter). A 1.3 cm section the ALVA was 2. The RVA exhibited areas of stenosis, with a diameter ranging between 3 and 5.5 mm. It branched from the RSA and traveled medially to enter the foramen transversarium at the C6 level. The LVA also demonstrated areas of stenosis and entered the foramen transversarium at the C6 level. Its diameter was 3.5 -5.25mm. The ALVA originated directly from the AA, between the LCCA and the LSA. It was hypoplastic (0.5 mm diameter) and entered the foramen transversarium just above the LVA at the C5 level. The length of the ALVA was 10.3 mm before uniting with the LVA. Just before merging with the LVA, the ALVA had a small RMA branch that travelled medially and entered either the C5 and/or C6 vertebral bodies (Table 1) . Further, dissection of vessel architecture beneath the brain was precluded by the lack of complete fixation during embalming.
Both the RVA and LVA entered the foramen transversarium at the C6 level. The RVA exhibited areas of stenosis, with a diameter ranging between 3 and 5.5 mm. The LVA had a diameter of 3 mm. The ALVA also demonstrated areas of stenosis, with a diameter ranging between 2.5 -3.5 mm. It originated from a common branch with LSA from the aorta and entered the foramen transversarium at the level of C4. It served as the main conduit for blood from the aorta to the brain on the left side. Before merging with the ALVA within the C4 foramen transversarium, the LVA (8.8 mm length) had a small RMA branch that traveled medially and entered either the C4 and/or C5 vertebral bodies (Figure 8 , Table 1 ). Further, dissection of vessel architecture beneath the brain was precluded by the lack of complete fixation during embalming. There were five branches from the AA: LSA, LCCA, ALVA, retroesophageal subclavian artery (RRSA), and a right brachiocephalic trunk (RBT) variation. The branches of the RBT were the right common carotid artery (RCCA) and the RVA. Both the RVA and ALVA entered the foramen transversarium at the C4 level, while the LVA entered at the C6 level. The RVA had a diameter of 3.5 mm. The LVA was hypoplastic, with a diameter of 1 mm. As the LVA traveled cranially, it gave off two small RMA branches before merging with the ALVA. The first RMA traveled medially and entered either the C5 and/or C6 vertebral bodies, and the second RMA entered between C4 and C5 ( Figure 9 , Table 1 ). The length of the LVA was 5.4 cm before uniting with the ALVA within the C4 foramen transversarium. As the ALVA ascended cranially, it exhibited stenosis with a diameter ranging between 4 and 5 mm. The circle of Willis also demonstrated some anomalies: the right posterior communicating artery (RPCA) was slightly hypoplastic while the LPCA was markedly dilated. The RVA had an area of stenosis just before it joined the ALVA to become the basilar artery ( Figure 10 , Table 1 ).
The literature contains various descriptions of anomalous origins of the vertebral artery. These include a left vertebral artery branching directly off the AA between the LCCA and LSA; a LVA branching directly off the AA distal to the LSA; duplicate origin of or an accessory VA; an origin of the VA from the innominate, common carotid, or external carotid arteries; and a persistent proatlantal or hypoglossal artery that connects the internal carotid artery to the VA [5, 15, 19, 30, [47] [48] [49] . Left unilateral accessory VAs are observed more commonly than right [5, 9, 44, 50] . In most cases, the accessory VA arises from the AA or the subclavian artery. Other less common sites of origin are the common carotid artery, brachiocephalic trunk (BT), or thyrocervical trunk [2, 3, 26] . Accessory VAs usually enter at a higher foramen transversarium than the VA, which almost invariably enters at the C6 foramen transversarium [1, 3, 22] . The documented frequency of accessory VAs is 0.295-0.72% [1, 6, 7] . Bilateral duplication of the VAs is extremely rare, with only three cases reported in literature [3, 4, 8, 24, 26] . [3, 4, 10] . Fenestration or partial duplication of the VA results from a single origin that splits to form two channels that later rejoin distally [3, 9, 11, 22] . Fenestration of the VA has been shown angiographically in the more current literature but has also been mentioned historically in 1866 [51] . It is most commonly seen in the extracranial VA segments [11, [51] [52] [53] . Autopsy and angiographic studies indicate an incidence of VA fenestration of 0.23%-1.90%. VA fenestration is associated frequently with intracranial vascular abnormalities [11, 27, 53, 54] .
Accessory VAs are developmental variants that result from a failure of fetal vessel involution [4, 7, 10] . Initially, the embryo has two dorsal aortas that communicate with an aortic sac via six sets of matched aortic arches. These matching aortic arches undergo selective apoptosis. The residual branch vessels constitute the AA and great vessels. The right dorsal aorta largely regresses. The first, second, and fifth aortic arches also regress. The third aortic arches participate in the formation of the common and proximal internal carotid arteries bilaterally. The left fourth arch artery becomes part of the AA between the origin of the LCCA and the LSA, while the right fourth arch artery persists as the root of the RSA. The aortic sac evolves into the brachiocephalic artery and AA. The sixth arch forms the pulmonary arch, which develops into the right pulmonary artery and ductus arteriosus. The left dorsal aorta creates the AA between the ductus arteriosus and the LSA. The fused right and left dorsal aortae create the AA distal to the left subclavian artery (Figure 11 ) [11, 32, 42, 46] .
The VAs arise between embryonic days 33 and 35 [7] by the fusion of the postcostal longitudinal anastomoses that link the cervical intersegmental arteries. These intersegmental arteries branch from the primitive paired dorsal aorta (Figure 12 ). Eventually, all but the seventh of these intersegmental arteries are obliterated [1, 10, 13, 14, 38, 46, 48, 50, 55] . The left seventh intersegmental artery persists to become the entire proximal LSA to the level of the internal thoracic artery. The right seventh intersegmental artery forms the distal one-third of the proximal RSA [46] . The proximal subclavian arteries also include the VA point of origin in studied adults [10, 46, 48] .
Accessory VAs result from a developmental variation of the AA and the persistence of intersegmental arteries [46, 56] . For accessory RVAs (ARVAs), originating from the RSA or BT, the right fourth, fifth or sixth (or less frequently third) intersegmental artery persists. For the ALVA, the left fourth, fifth or sixth (or less frequently third) the intersegmental artery persists [1, 3, 26, 30, 44] . Additionally, the level at which the accessory VA enters the foramen transversarium indicates which intersegmental artery or arteries persist [3, 4, 13, 23, 27] . In the cases presented here, we propose that the left fifth intersegmental artery persisted for Cases 1 and 3, the left third intersegmental artery persisted for Case 2, and the left fourth intersegmental artery persisted for Cases 4 and 5. Hypoplasia of VA is common. Hypoplasia occurs when the diameter of the VA on one side of the body is less than 50% of the contralateral side or its diameter is less than 2.5 mm [39] . In Case 1, the diameter of the ALVA was 1.25 mm. In cases 2 and 5, the LVA diameter was 1 mm. In Case 3, the ALVA diameter was 0.5 mm. The presence of hypoplasia the ALVA has been documented in the literature; a contributing branch may arise from the LSA or the LVA and not the ALVA [27, 46] . The course of the ALVA for each of presented cases, however, was consistent with the published literature. The ALVA coursed through the foramen transversarium above the LVA origin, which in each of the five cases, was at C6. Other literature also states that the ALVA generally enters through the fifth, the fourth, or even the seventh, other than the sixth vertebra [39] . In each case, except Case 2, the ALVA traveled through the C4 or C5 foramen transversarium. In Case 2, it entered at the C3 foramen transversarium.
Clinically, accessory VAs are non-specific and usually asymptomatic [1, 3, 14] . Whether accessory VAs associated with pathological conditions remains controversial. Ionete and Omojola [8] demonstrated that accessory VAs were normal variations discovered incidentally with no significant pathological or clinical symptomology [8, 13, 14] . Conversely, numerous anecdotal reports state that this vascular variant may predispose the patient to VA dissection, intracranial aneurysm, kinking, and arteriovenous malformations since these variants are often associated with significant cerebrovascular abnormalities [4, 10, 22, 26, 38, [40] [41] [42] [43] . In addition, anecdotal reports describe clinical symptoms, such as dizziness or vertigo in patients with anomalous origins of VA [1, 4, 7, 24, 26, 28, 34, 42] . Furthermore, when the ALVA serves as an additional point of attachment of the VA, it predisposes individuals to more serious outcomes from contusions that commonly may occur during motor vehicle accidents [1] .
Without conclusive histological data about accessory VAs, VAs has been described with fenestrations. Fenestrations commonly accompany differences in thickness and composition of the vessel walls with media defects histologically. This predisposes individuals to aneurysm development [22] . With such similar vascular characteristics, these anatomical variants could predispose individuals to vertebral cervical arterial dissection (CAD), via local histological defects or significant hemodynamic alterations [10, 11, 14, 40] .
Accessory VAs are usually diagnosed coincidentally during imaging studies. Thus, awareness of their potential existence is still very important clinically. Such detailed knowledge can prevent iatrogenic injuries during surgery, inadvertent diagnostic or therapeutic challenges during endovascular, thoracic, and/or neurologic procedures. In addition, due to the common smaller lumen size of accessory VAs and their entrance at a higher foramen transversarium level than their associated VAs, their locations can influence the choice or route of surgical treatment [3, 8, 14, 22, 26, 38, 42, 50] .
The vascular variances exhibited with the circle of Willis and cerebellum in these five cases are well-documented in the literature. The PICA can be absent unilaterally [57] . Hypoplasia is one of the most frequent vascular anomalies in the circle of Willis, ranging from a 23-27% incidence [58] [59] [60] [61] . Circle of Willis arteries that are less than 1 mm in external diameter are considered hypoplastic, with the exception of the communicating arteries. These are considered hypoplastic when diameters are less than 0.5 mm [58, 60] . The size of the AICA is usually inversely related to the size of the PICA. When the AICA is hypoplastic, the ipsilateral PICA is usually larger and supplies the area of the hypoplastic AICA [62] . Posterior communicating artery variations are among the most common, with hypoplasia observed in 12 to 60% of researched samples, followed by posterior cerebral artery in 10% [63] . The association between circle of Willis anomalies and cerebral aneurysms is well-documented [58, 64] . Such variations may contribute to the dizziness and vertigo that some individuals experience.
Head and neck arterial vascular variations are common and occur naturally. Due to the compensatory effects, most of these variations have no overt influence on blood supply, presenting usually only during imaging studies or cadaveric dissection. Accordingly, most accessory VA cases described in the literature did not result in clinical symptoms [3, 39, 55] . Some authors, however, have hypothesized that anomalous origins of the VA, particularly from the AA, can cause modifications in cerebral hemodynamics. This may predispose a patient to aneurysms, VA dissection, and arteriovenous malformations, increasing the risk of a cerebrovascular accident [8, 10, 22, 38, 42, 46] . In none of our cases did we detect the presence of aortic aneurysm, which might increase the risk of CVA [46] .
Given the age range of the individuals we examined (65 year-old male, 89 year-old female, 80 year-old female, 96 year-old female, 95 year-old female) and the different listed COD (COPD, dementia, ischemic myopathy with CAD, dementia, and acute renal failure), it is likely that their vascular variations were reported as symptomatic during life.
Since such variation is relatively common, multislice computed tomography angiographies (CTAs), MRIs, and/or ultrasounds may be advisable preoperatively to detect and evaluate any such vascular anatomical variations. Understanding the possible vascular variations involving VAs, as well as their embryologic origins, can help to identify unexpected vascular findings when assessing these imaging studies of patients in clinical practice. Additionally, knowledge of vascular variation can assist in effective differentiation of accessory VAs from other pathological conditions, such as VA dissection, and help to avoid iatrogenic injury [3, 10, 14, 55, 65] . Such evaluations can provide accurate guidance for surgical intervention regarding location, type, and the course of any vascular variations to ensure precise and safe preoperative planning [39, 42] .
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